This study characterizes the personal, indoor, and outdoor PM 2.5 , PM 10 , and PM 2.5 ± 10 exposures of 18 individuals with chronic obstructive pulmonary disease ( COPD ) living in Boston, MA. Monitoring was performed for each participant for six consecutive days in the winters of 1996 or 1997 and for six to twelve days in the summer of 1996. On each day, 12 -h personal, indoor, and outdoor samples of PM 2.5 and PM 10 were collected simultaneously. Home characteristic information and time ± activity patterns were also obtained. Personal exposures were higher than corresponding indoor and outdoor concentrations for all particle measures and for all seasons, except for winter indoor PM 2.5 ± 10 levels, which were higher than personal and outdoor levels. Higher personal exposures may be due to the proximity of the individuals to particle sources, such as cooking and cleaning. Indoor concentrations were associated with both outdoor concentrations and personal exposures ( as determined by individual least square regression analyses ) , with associations strongest for PM 2.5 . Indoor PM 2.5 concentrations were significantly associated with outdoor and personal levels for 12 and 15 of the 17 individuals, respectively. Both the strength and magnitude of the associations varied by individual. Also, personal PM 2.5 , but not PM 2.5 ± 10 , exposures were associated with outdoor levels, with 10 of the 17 subjects having significant associations. The strength of the personal ± outdoor association for PM 2.5 was strongly related to that for indoor and outdoor levels, suggesting that home characteristics and indoor particulate sources were key determinants of the personal ± outdoor association for PM 2.5 . Air exchange rates were found to be important determinants of both indoor and personal levels. Again, substantial interpersonal variability in the personal ± outdoor relationship was found, as personal exposures varied by as much as 200% for a given outdoor level.
Introduction
Recent epidemiological studies have found ambient particulate matter concentrations to be associated with an increase in cardiovascular, lung cancer and total mortality, as well as with a variety of morbidity indicators (Pope et al., 1991; Dockery and Pope, 1994; Dockery et al., 1993; Schwartz, 1994a,b; Schwartz et al., 1996a,b; Pope et al., 1995a,b; Borja -Aburto et al., 1997 ) . The interpretation of these results is unclear, since outdoor particle levels used in these studies to estimate exposures may not reflect true population exposures to particulate matter (Sexton et al., 1984; Spengler et al., 1985; Clayton et al., 1993 ) . Population exposures are a composite of particles emitted from indoor sources and subjects' activities, as well as particles of outdoor origin.
A number of exposure studies have found weak or nonsignificant associations between personal particulate matter exposures and outdoor concentrations ( Dockery and Spengler, 1981; Sexton et al., 1984; Clayton et al., 1993; Pellizari et al., 1999; Bahadori et al., 2000 ) . These studies were based on few measurements per individual, with the data pooled and analyzed cross -sectionally. As a result, the inter-and intra -individual variability in the personal exposure± outdoor concentration relationship could not be examined.
Recent investigations evaluated the relationship between subject -specific personal exposures and outdoor concentrations (Lioy et al., 1990; Tamura et al., 1996; Janssen et al., 1998) . These longitudinal studies found stronger associations between personal exposures and outdoor concentrations, suggesting that individual-specific factors, such as housing characteristics and time ±activity patterns, are important determinants of the personal ± outdoor relationship. It is not known, however, how these individual -specific factors affect the personal ±outdoor concentration relationship for sensitive subpopulations, such as individuals with chronic obstructive pulmonary disease (COPD ) , since these longitudinal studies focused on healthy subjects. It is possible that the association between personal exposures and outdoor concentrations may differ for sensitive individuals, since they may be less active and spend less time outside as compared to their healthier counterparts.
We began to explore these issues in a pilot study conducted in the summer of 1995 in Nashville, TN ( Bahadori et al., 2000) . In this study, the personal, indoor and outdoor PM 2.5 and PM 10 exposures were characterized for 10 individuals with COPD, each of whom were monitored for six consecutive days. ( Personal exposures to PM 2.5 and PM 10 were measured alternately. ) Due to the small sample size of the study, the data could not be analyzed longitudinally. ( Consistent with previous studies, cross -sectional analysis of the data showed weak or nonsignificant associations between outdoor levels and personal particle exposures. ) Despite this, the study demonstrated that individuals with COPD could successfully participate in a long -term personal monitoring study with no negative impact on their health.
Results from the Nashville study were used to design a follow -up exposure study conducted in Boston, MA, from winter 1996 to winter 1997. The Boston study was intended to characterize the personal fine and coarse (PM 2.5 ± 10 ) particulate exposures of individuals with COPD and to examine their relationship with corresponding indoor and outdoor levels. To allow estimates of personal PM 2.5 ± 10 exposures, personal PM 2.5 and PM 10 exposures were measured simultaneously using modified PM 2.5 and PM 10 personal exposure monitors ( PEMs ) and a single personal pump. This paper discusses the design of the study, the performance of the modified PEMs, and the characterization of the personal, indoor, and outdoor particulate levels.
Methods

Study Design
Personal, indoor and outdoor PM 2.5 and PM 10 concentrations were measured for 18 individuals with COPD living in the Boston metropolitan area. Fourteen of the participants were monitored in both the winter and summer, while four participants were monitored only during the winter or the summer ( Table 1 ). All subjects were sampled for a minimum of six consecutive days during each season, with eight participants monitored for 12 days in the summer. Throughout each monitoring period, 12 -h personal PM 2.5 and PM 10 samples were collected during the day ( 8 am ± 8 pm ), while 12 -h indoor and outdoor PM 2.5 and PM 10 samples were collected during both day and night (8 am ± 8 pm; 8 pm ± 8 am ). In addition, air exchange rates were measured continuously in all homes with electric stoves. Participants were also asked to record their daily activities in a time ± activity diary and to complete a housing questionnaire.
Individuals selected for participation in the study were nonsmokers, had physician -diagnosed moderate to severe COPD, and lived in nonsmoking private residences. Participants were recruited via local physicians and COPD exercise groups, as well as via newspaper advertisements. Field staff visited potential participants at their homes to explain monitoring requirements and to show them the sampling equipment. When a volunteer agreed to participate in the study, he /she was asked to read and sign an informed consent form. The homes of the participants were located primarily in the suburbs of Boston.
Field staff visited the homes of the participants during each morning and evening of the monitoring period to (1 ) check equipment performance, (2 ) change samples, (3 ) review time ±activity diaries, (4 ) complete a particle ± source activity questionnaire, and (5 ) download air exchange measurement data into a laptop computer.
Particulate Matter Samples
Indoor and outdoor PM 2.5 and PM 10 samples were collected using one -stage Harvard Impactors ( HIs ) operated at 10 liters per minute (LPM ) ( Marple et al., 1987; Lioy et al., 1988 ) , equipped with 41 -mm Teflon filters (Gelman R2PJ041) . Personal PM 2.5 and PM 10 exposure samples were collected using modified PEMs ( Thomas et al., 1993 ) , which are portable one -stage impactors that capture particles on 37-mm Teflon filters ( Gelman R2PJ037 ). PEMs were modified to operate at lower flow rates to allow simultaneous collection of PM 2.5 and PM 10 using a single personal pump (modified Casella 4000T ) . Since both PM 2.5 and PM 10 PEMs are designed to operate at 4 LPM ( Thomas et al., 1993 ) , two nozzles of the PM 2.5 PEMs were blocked to achieve the desired cut-size at a flow rate of 3.2 LPM, while for the PM 10 PEMs five nozzles were covered to achieve the desired cut-size at 2 LPM.
Each PEM was attached to the pump via a two -way flow splitter, which consisted of tubing with flow restrictions for each path, one path for the PM 2.5 PEM and the other for the PM 10 PEM. Finally, an elutriator ( 10 cm long, 5 cm in diameter ) was attached to the inlet of each PEM to minimize the collection of particles from clothing. Subsequent tests of nine pairs of collocated PM 2.5 and PM 10 PEMs worn with and without the elutriators, however, showed that the elutriator had no effect on personal PM 2.5 and PM 10 measurements (Sarnat et al., 2000 ) .
Personal samplers were worn on the shoulder strap of a bag, containing the personal pump and batteries. Field staff instructed participants to wear the personal sampler near their breathing zone; however, when performing tasks that would damage the sampler or when stationary for long periods, participants were allowed to place the sampler nearby. Field staff placed the indoor samplers in the main activity room of the home, excluding the kitchen. Outdoor samplers were placed in the back or front yard. The inlets of both indoor and outdoor samplers were placed approximately 1.5 m high to correspond to the breathing zone of an individual and were placed at least 1 m away from vents, walls, building structures and trees. At the beginning and end of each 12 -h sampling period, field staff checked and adjusted the flows of the PEM and HI pumps to keep them within 10% of the target flow.
Air Exchange Rates
Air exchange rates (ACH ) were measured in the 12 homes that had electric stoves. Winter and summer measurements are available for eight houses. A constant source (6 ml / min ) of sulfur hexafluoride ( SF 6 ) was used as a tracer gas. A photo -acoustic infrared spectroscopy monitor (Bru Èel & Kjñr, Model 3425, Type 1302 ) measured SF 6 concentrations continuously. Field staff placed the SF 6 source and the monitor on opposite ends of the main floor of the house. Air exchange rates were calculated using SF 6 flow rates, 12 -h average measured SF 6 concentrations, and house volumes, which were estimated from floor plans drawn by field technicians ( Lebret et al., 1990; Winberry et al., 1990 ) . The limit of detection (LOD ) , that is the maximum air exchange rate that could be measured accurately in a 12 -h period, was estimated for each home. LODs were calculated using each participant's home volume, the nominal source emission rate of 6 ml /min, and the analytical LOD (multiplied by three ) of the monitor [The analytical LOD provided by the manufacturer is 5 ppb (Bru Èel and Kjñr, 1990; Jalenak, 1996 ) ]. For all homes, LODs ranged between 42 and 135 exchanges /h. All ACH estimates were below the calculated LODs.
Household Questionnaire and Time ± Activity Diaries Field staff administered a questionnaire to every participant to ascertain the type of fuel used for heating, presence and use of ceiling fans, air-conditioning systems and air cleaning devices, frequency of house cleaning, and number of persons and pets living in the house. Housing questionnaires were intended to provide information about potential indoor particle sources and home ventilation conditions. Each participant completed a time ±activity diary for every 12 -h monitoring period, recording the time spent and the activity carried out in the following five microenvironments: 1 ) indoors at home; 2 ) indoors away from home; 3) outdoors near home; 4 ) outdoors away from home; and, 5 ) in transit. In addition, participants recorded time spent near smokers and within 10 yards from major roads. During each morning and evening visit, staff administered a brief diary to collect information on the nature and duration of specific activities performed during the previous 12 hours that could affect particle personal exposures. These activities included home ventilation conditions (e.g., opening windows), air conditioning or heating system use, house cleaning, smoke-related activities, and cooking.
Quality Control and Quality Assurance Procedures
All filters were weighed in a temperature -and humiditycontrolled weighing room ( 18± 248C, 40 5% relative humidity, RH ) . Before weighing, filters were equilibrated 24 h pre -exposure and 48 h post -exposure. Filter weights were adjusted to account for fluctuations in the microbalance (Cahn 21) , as shown by the change in the mass of laboratory blanks ( e.g., the difference between on and off weights ). To improve precision in the weighing procedure, all filters were weighed twice. When the difference in the duplicate filter weights exceeded 10 g, the filter was reweighed and the average of the two closest weights used. The entire batch would be reweighed (including the corresponding laboratory blank ) when more than three filters in an eight -filter batch required a third weighing. Field blanks accounted for 13% and 16% of targeted personal exposure and microenvironmental samples, respectively. Loading and handling procedures of field blanks were identical to that of exposed filters, except that no air was drawn through the blank filters. Effects of filter handling were corrected by adjusting the mass of sampled filters by the mean net mass of the field blanks. LODs were estimated for each sampling season. The LOD for PEM and HI PM 2.5 and PM 10 measurements was estimated as three times the standard deviation of the change in the field blank mass divided by the corresponding 12 -h nominal volume. The LOD for PM 2.5 ± 10 measurements was estimated as the square root of the sum of the squares of the LODs of the PM 2.5 and PM 10 measurements. LODs ranged between 4.4 and 9.8 g/m 3 for personal PM 2.5 measurements, between 7.0 and 15.8 g/m 3 for personal PM 10 , and between 8.2 and 18.6 g/m 3 for PM 2.5 ± 10 . LODs for indoor and outdoor measurements were lower, with maximum PM 2.5 and PM 10 LODs of 3.1, and maximum PM 2.5 ± 10 LODs of 4.4 g/m 3 . The precision and bias of the PEMs were evaluated using a PEM collocated with two HI samplers, using HIs as the reference method. Calculations of precision and bias included only those observations above their respective LODs, resulting in a total of 23 collocated sets for PM 2.5 and 22 for PM 10 . PEM and HI coarse mass concentrations above the PM 2.5 ± 10 LOD were found in only five sets of collocated PEM -HI samplers. Therefore, precision for PM 2.5 ± 10 measurements was calculated indirectly using PM 2.5 and PM 10 precision estimates. Replicate PEM samples were not collected for either particulate cut -size, thus, the precision of each PEM size -fraction sample was estimated by assuming that the variability in the collocated PEM measurements was equal to that for the collocated PEM -HI measurements minus that for the collocated HI measurements. PM 2.5 and PM 10 figures were estimated using the root mean square difference ( RMSD ) of collocated measurements divided by square root of two. Precision of personal PM 2.5 , PM 10 and PM 2.5 ± 10 measurements was equal to 3.8, 10.7 and 11.4 g/m 3 , respectively. No significant bias in PEM measurements relative to HI measurements was found, using the mean relative difference between the collocated PEM -HI pairs. Ninety -eight percent of the target samples was successfully collected.
Data Analyses
Data were analyzed using SAS software. Units for personal exposures and for indoor and outdoor concentrations are expressed in mass per unit volume (g/m 3 ). All coarse mass ( 2.5< d a <10 m ) concentrations were calculated as the difference between PM 10 and PM 2.5 measurements. Negative PM 2.5 ± 10 values (10 out of 236 target samples ) were taken as such when computing descriptive statistics. However, they were set to zero for the rest of the statistical analyses. Negative values generally resulted when particle levels were near or below their LOD or when the PM 10 ± PM 2.5 difference was within the precision of the measurement technique. Additionally, three pairs of personal, three pairs of indoor and three pairs of outdoor PM 2.5 and PM 10 samples were excluded from the analyses due to highly negative PM 2.5 ± 10 concentrations.
Histograms, stem -and-leaf plots, and box plots were used to illustrate the distributions of all variables. Sample values were voided in response to equipment failure, technician mistakes ( as noted on the field log -sheets ) or highly negative PM 2.5 ± 10 numbers, which could have been caused by nonrecorded human errors. Pooled estimators of the variance were calculated to compensate for the multiple and unequal number of measurements per subject. Air exchange rate, personal exposure, indoor and outdoor concentration variables were not normally distributed (Shapiro ±Wilk test, p< 0.05) . Since the coefficients of variation for these variables were smaller than 1.2, arithmetic means were used for summary statistics ( Gilbert, 1987 ) . Mixed effects models were used to assess seasonal variability. Air exchange rates, personal exposures and indoor and outdoor concentrations were log -transformed and modeled as dependent variables. Subject and season were included in the models as independent variables, with season modeled as a fixed effect and subject and season within subject modeled as random effects.
For each particle measure, individual least square regression analyses were used to explore the relationships between indoor concentrations and their corresponding outdoor concentrations, and between personal exposures and their corresponding indoor and outdoor levels. The relationships between the particle measures were examined for each microenvironment using individual ordinary least square regressions. These analyses included winter and summer data for the 17 subjects who had six or more observations per comparison [ One subject was excluded because data from one of the sampling days was voided ]. Statistical significance was based on a p-value of 0.05. Note that the large number of statistical tests may find some associations to be significant, when in fact, they are nonsignificant ( Type I error ). Since for each comparison we have a linear regression replicated 17 times, an application of the Bonferroni correction was used for rigorous multiple testing. Discussion of results from these tests will be based on the nominal p-values; however, the corrected significance level (17 /0.05 = 0.0029 ) will be reported as well.
Results
For all particle size fractions, mean personal exposures were higher than indoor mean concentrations, which were, in turn, higher than outdoor mean levels (Table 2 ) . When stratified by monitoring season, the same personal exposure, indoor and outdoor concentration pattern existed for mostly all particle size fractions. Exceptions to this pattern were the winter indoor PM 2.5 ± 10 concentrations, which were higher than personal and outdoor levels. These higher indoor PM levels may be related to activities carried out in the house by someone other than the participant. It should be mentioned that indoor and outdoor PM concentrations did not differ as much during the summer as they did during the winter, possibly due to higher air exchange rates that enhanced PM penetration into the homes.
Seasonal Variability
Neither air exchange rates nor personal, indoor, and outdoor particulate concentrations for the two winter seasons differed significantly. As a result, data from the two winter seasons were combined for all subsequent analyses. Since air exchange rates of more than 3 exchanges/ h are equivalent, in terms of penetration efficiency, values above 3 were set to 3 exchanges /h. Air exchange rates were found to vary by home and season (Figure 1 ). The summertime air exchange rates were significantly higher than winter ones, with means of 1.34 0.64 and 0.69 0.15 exchanges / h, respectively.
Mean outdoor PM 2.5 and PM 10 levels were significantly higher in the summer as compared to winter months. These findings are consistent with other studies carried out in the northeastern US; higher summertime concentrations were expected due to the enhanced photochemical production of (Burton et al., 1996; Suh et al., 1997 ) . Despite the higher outdoor PM 2.5 and PM 10 levels in the summer, indoor concentrations and personal exposures showed no seasonal variability. Finally, personal PM 2.5 ± 10 exposures varied seasonally, with exposures higher in winter as compared to summer months. A similar seasonal pattern was found for indoor concentrations, but at the 0.10 level ( p< 0.08) .
Relationship Between Indoor and Outdoor Concentrations
Both mean and median particle concentrations were higher indoors than outdoors. In total, 61%, 69%, and 70% of the measured indoor PM 2.5 , PM 10 , and PM 2.5 ± 10 concentrations were higher than their corresponding outdoor levels. Accordingly, the geometric means (geometric standard deviation ) for the indoor /outdoor ratios were greater than one, equaling 1.3 for PM 2.5 (1.8 ), 1.4 for PM 10 ( 1.9) and 1.5 (2.7 ) for PM 2.5 ± 10 . PM 2.5 indoor /outdoor ratios were found to be higher when air exchange rates were less than 1 exchange /h (Figure 2 ) . The strength of the relationship between indoor and outdoor concentrations varied by particle size, with the relationship strongest for PM 2.5 ( Figure 3) . The median R 2 value for regressions of indoor on outdoor PM 2.5 concentrations was 0.55, with 12 out of 17 homes having significant R 2 values. For these 12 homes, outdoor concentrations explained between 36% and 98% of the variability in indoor concentrations (Table 3) . For PM 10 , the median R 2 value dropped to 0.25, with significant values for seven homes. The association between indoor and outdoor concentrations was weakest for PM 2.5 ± 10 , as only four homes had significant indoor ± outdoor associations.
For the 12 homes with significant indoor ±outdoor associations for PM 2.5 , the relationship between indoor and outdoor concentrations varied by home, as evidenced by the range of observed slope and intercept values from the regressions of indoor on outdoor concentrations (Table 3 ) . Indoor concentrations were shown to differ by as much as 300% for a given outdoor concentration, with concentration differences increasing with the outdoor concentration. The observed interhome variability in concentrations may be attributed to corresponding variability in home ventilation characteristics and in indoor PM 2.5 emissions. Further evidence of the interhome variability in indoor PM 2.5 emissions was provided by the intercepts of the regressions of indoor on outdoor concentrations, which ranged between zero and 10 g/m 3 .
Relationship Between Personal Exposures and Indoor Concentrations Personal particle exposures were higher than indoor concentrations, with 72%, 68%, and 52% of measured R 2 values for pair -wise comparisons of personal, indoor and outdoor levels by particle size -fraction.
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Personal, indoor and outdoor PM relationships personal PM 2.5 , PM 10 , and PM 2.5 ± 10 exposures higher than their corresponding indoor levels. The geometric means ( geometric standard deviation ) for the personal / indoor ratios were 1.2 (1.6 ) for both PM 2.5 and PM 10 , and 1.1 ( 2.7) for PM 2.5 ± 10 . Personal exposures and indoor concentrations were most strongly associated for PM 2.5 (Figure 3) . Personal PM 2.5 exposures for 15 of the 17 subjects were significantly associated with corresponding indoor levels ( Table 4 ) . For these individuals, indoor concentrations explained between 40% and 91% of the variability in personal exposures ( median R 2 =0.75 ). Associations were weaker for PM 10 , as 10 of the 17 subjects were found to have significant personal ± indoor associations. R 2 values for regressions of personal on indoor PM 10 ranged between 41% and 87%. Weaker associations for PM 10 as compared to PM 2.5 were due to the influence of PM 2.5 ± 10 , for which only four individuals had significant personal±indoor associations. When examined by individual, the strength of the personal ± indoor relationship also varied by particulate size fraction. For 10 of the 15 subjects with significant PM 2.5 associations, the associations between personal and indoor levels were strongest for PM 2.5 as compared to those for PM 10 and PM 2.5 ± 10 .
Considerable interpersonal variability in the slopes and intercepts of the individual regressions was found (Table 4) . This interpersonal variability increased with indoor levels. Intercepts of the significant regression lines ranged between zero and 14 g/m 3 . This range in intercept values may be attributed to corresponding variability in the contribution of non-indoor PM 2.5 sources to personal exposures, with instrument error also contributing to the observed intercept values.
Relationship Between Personal Exposures and Outdoor Concentrations
In total, 76%, 78%, and 70% of the measured personal PM 2.5 , PM 10 , and PM 2.5 ± 10 exposures, respectively, were higher than their corresponding outdoor levels. Personal exposures were between 30% and 60% higher than outdoor concentrations, with geometric means for personal /outdoor ratios of 1.5 ( 2.0) for PM 2.5 , 1.7 (2.0 ) for PM 10 , and 1.8 (3.1 ) for PM 2.5 ± 10 . Additionally, personal / outdoor PM 2.5 ratios exceeded three only when air exchange rates were less than 1 exchange /h.
The association between personal exposures and outdoor concentrations was strongest for PM 2.5 ( Figure  3 ) . The association between personal and outdoor PM 2.5 b N corresponds to the number of observations per participant. *p < 0.001 **p < 0.0029 ( Bonferroni correction for multiple testing ) ***p < 0.05 levels was significant for 10 of the 17 subjects, for which outdoor concentrations explained between 32% and 87% of the variability in personal exposures (Table  5 ) . Personal PM 10 exposures were generally not associated with corresponding outdoor concentrations. Only four subjects had significant personal ± outdoor associations for PM 10 . Insignificant associations for PM 10 again reflected the influence of PM 2.5 ± 10 , for which the personal ± outdoor association was significant for only three subjects. However, it should be pointed out that the association was highly significant ( R 2 = 0.94) for one of these subjects. Considerable interpersonal variability was found in the personal ± outdoor relationship for PM 2.5 . Slopes and intercepts from the significant associations between personal and outdoor concentrations ranged broadly. As a result, personal PM 2.5 exposures could differ by as much as 200% for a given outdoor concentration. For all individuals, the association between personal and outdoor PM 2.5 levels was strongly related to the association between indoor and outdoor concentrations (Figure 4 ) . This result suggests that the influence of outdoor concentrations on personal exposures is affected by home ventilation conditions and indoor particulate sources.
Relationships Among PM 2.5 , PM 10 , and PM 2.5 ± 10 PM 2.5 and PM 10 were heavily associated in indoor, outdoor, and personal environments, with median R 2 values of 0.75, 0.79, and 0.68, respectively. These strong associations reflect the fact that in all three microenvironments PM 2.5 comprised approximately 60% of PM 10 . The geometric mean ( geometric standard deviation ) of the PM 2.5 /PM 10 ratio equaled 0.55 for personal (1.57 ) and indoor ( 1.48) concentrations, and 0.59 (1.49 ) for outdoor levels. Correlations between PM 2.5 and PM 10 were stronger than those for PM 2.5 ± 10 and PM 10 , with significant associations for approximately 13 subjects. PM 2.5 ± 10 and PM 10 associations were strongest for personal exposures (median R 2 = 0.75 ), followed by indoor (median R 2 = 0.57 ) and outdoor concentrations (median R 2 = 0.34) . PM 2.5 was generally not significantly associated with PM 2.5 ± 10 . In personal and indoor microenvironments, significant PM 2.5 ±PM 2.5 ± 10 associations were found for four and three subjects, while outdoors, no significant associations were found. These results reflect the fact that the sources of fine and coarse particles differ in indoor, outdoor and personal environments.
Discussion and conclusions
Particle size was found to have a striking and consistent effect on the relationship among personal, indoor, and outdoor particulate concentrations. For PM 2.5 , personal, indoor, and outdoor concentrations were closely associated, with associations strongest for individual -specific comparisons of personal and indoor levels, followed by those for indoor and outdoor concentrations and by those for personal and outdoor levels. These findings were in marked contrast to those for PM 2.5 ± 10 , for which longitudinal associations were generally insignificant for all pair-wise comparisons. The observed differences between PM 2.5 and PM 2.5 ± 10 can be attributed to corresponding differences in the behavior of the two pollutants. Indoors, for example, particle sources are generally associated with human activities, such as cooking, cleaning, and movement ( Koutrakis et al., 1992; Thatcher and Layton, 1995; O È zkaynak et al., 1996; Abt et al., 2000 ) . As a result, the personal monitors worn by individuals are often closer to the indoor particulate source as compared to the indoor monitors. For PM 2.5 , this proximity to the particle source is likely to have little effect on personal and indoor measurements, as PM 2.5 particles have lower deposition velocities and thus tend to be spatially homogeneous in indoor environments. This spatial uniformity Ð combined with the fact that the monitored individuals spent on average 70% of their time indoors at home Ð is evidenced by the observed strong associations between personal and indoor PM 2.5 levels.
In contrast, indoor concentrations of PM 2.5 ± 10 are likely to vary spatially due to its relatively high deposition rates. As a result of this spatial variability, source proximity may have a sizable effect on personal and indoor PM 2.5 ± 10 measurements. Personal monitors may collect more of the PM 2.5 ± 10 that are emitted by the subject's activities and occurring near the personal sampler, as compared to those obtained from the more distant indoor monitors. Support for this hypothesis is provided by two findings. First, the significant intrasubject variability for personal PM 2.5 ± 10 exposures in contrast to the nonsignificant intrasubject variability for indoor PM 2.5 ± 10 concentrations. Second, the Particle behavior may also explain the observed difference in the strength of the indoor ± outdoor associations for PM 2.5 and PM 2.5 ± 10 . For PM 2.5 , long indoor air residence times and high indoor ± outdoor penetration efficiencies resulted in significant indoor ±outdoor associations. In comparison, PM 2.5 ± 10 has significant indoor sources, low penetration efficiencies, and high deposition rates, which would weaken associations between indoor and outdoor concentrations, as was found. These findings agree with the results from the particle total exposure assessment methodology (PTEAM) study data (Yakovleva et al., 1999 ) . Yakovleva and colleagues applied the receptor modeling method and reported that sea -salt coarse particles were found outdoors, but not indoors nor in personal exposures, because they do not penetrate indoors effectively. They also found that fine -particle -related sources contributed similarly to personal, indoor and outdoor samples, which led them to the conclusion that fine particles could more readily penetrate the building envelope.
The random errors associated with the use of two measurements for the determination of PM 2.5 ± 10 ( White, 1998; Allen et al., 1999 ) decreased the precision of PEM and HI coarse mass measurements. The uncertainty of PM 2.5 ± 10 HI measurements is larger than that of PM 2.5 and PM 10 HI measurements, yielding values of 1.68, 0.97 and 1.38 g/m 3 respectively. However, coefficients of variation for HI measurements were similar among the three sizefractions, with CV of 7% for PM 2.5 and PM 10 , and of 10% for PM 2.5 ± 10 . Therefore, it is unlikely that the strong PM 2.5 and low PM 2.5 ± 10 associations between indoor and outdoor microenvironments are related to measurement error artifacts. It is more likely that differences in physicochemical properties and sources of PM 2.5 and PM 2.5 ± 10 be the reason for our findings.
Housing factors were also shown to have important effects on the indoor/outdoor relationship. Indoor ±outdoor ratios have been shown in studies of fine particles to vary with air exchange rates, air conditioning use, and open window status ( Dockery and Spengler, 1981; Suh et al., 1997; Abt et al., 2000 ) . Bahadori et al. ( 2000 ) reported indoor/outdoor ratios ranging between 0.4 and 1.0 or above, with the highest ratios found when air exchange rates were less than 1 exchange /h. Results from our study are consistent with these previous findings and provide further evidence that the influence of indoor particle sources is greatest at low air exchange rates. Air exchange rates were also shown to have a significant influence on the relationship between personal exposures and outdoor concentrations. As was the case with indoor/outdoor ratios, personal / outdoor PM 2.5 ratios were high ( >3 ) only when air exchange rates were less than one exchange /h. The strong association between personal / outdoor and indoor /outdoor ratios for PM 2.5 suggests that sources of personal and indoor PM 2.5 are similar and that the influence of air exchange rates on both ratios is comparable.
Mean personal PM 10 exposures were lower for the Boston and Nashville COPD cohorts ( 37 and 33 g/m 3 , respectively ) than for cohorts of healthy individuals ( range between 62 and 150 g/m 3 ) ( Lioy et al., 1990; Tamura et al., 1996; Wallace, 1996; Janssen et al., 1998; Pellizari et al., 1999; Bahadori et al., 2000 ) . However, results for the individual correlations of personal PM 10 exposures versus outdoor concentrations were similar for the Boston study and studies of healthy adults. For our study the median percent explained variance of personal exposures by outdoor concentrations was 37 and the R 2 range was 0.01 ± 0.87. The median R 2 for three studies of healthy individuals ranged between 0.25 and 0.46, and the range of individual regressions was between 0 and 0.85 ( Lioy et al., 1990; Buckley et al., 1991; Janssen et al., 1998 ) .
A key determinant of the strength of the personal ± outdoor association for our monitored individuals was the corresponding strength of the indoor ± outdoor relationship. R 2 values for the indoor ± outdoor association explained 75% of the variability in the values for the personal ± outdoor association. This finding provides compelling evidence of the importance of housing factors to the personal ± outdoor relationship. Finally, it is expected that personal ± outdoor relationships can also be affected by time spent in the different microenvironments and indoor particle sources. In a forthcoming paper we will investigate the effect of home characteristics, indoor sources and time ± activity patterns.
